Nitrate is a precursor of N-nitroso compounds (NOCs), animal carcinogens with limited human evidence. This is the largest case-control study to date and the first conducted in Europe on colorectal cancer and nitrate exposure though drinking water and diet. Increased colorectal cancer risk is suggested for waterborne nitrate intake at levels below the current international guidelines, particularly in subgroups with other risk factors. Nitrate from animal dietary sources increased rectal cancer risk.
INTRODUCTION
Nitrate is a widespread contaminant in drinking water due to the overuse of fertilizers in agriculture 1 and urban sewage 2 . Expensive and infrequently used methods such as reverse osmosis are necessary to effectively remove nitrate from drinking water 3 . In addition, nitrate is a main dietary component of vegetables, and an approved food additive for preserved meat, together with nitrite 4 .
Nitrate ingestion through diet and drinking water are the main routes of human exposure.
Ingested nitrate is reduced to nitrite, which subsequently reacts with amines and amides to produce N-nitroso compounds (NOCs) in the gastrointestinal system. The intake of vitamins C and E may inhibit endogenous nitrosation, whereas meat intake and chronic gastrointestinal acidic or inflammatory conditions, may increase it 5 . Additionally, exogenous NOCs are ingested through processed meat, canned or cured food, alcohol and tobacco smoking 6 . NOCs are carcinogenic in several animal species 7 , but human evidence is limited, therefore nitrate is classified as probable human carcinogen (group 2A) under conditions resulting in endogenous nitrosation 8 .
Colorectal cancer (CRC) is one of the most frequent cancers worldwide, representing 10% of the global cancer incidence. More than 1 million new cases and 694,000 deaths are registered annually in both sexes 9 . The high intake of energy, red or processed meat 10 , and alcohol, as well as physical inactivity and obesity, are established risk factors 11 . Increased CRC risk has been suggested with dietary nitrite 12 or dietary NOCs 13, 14 . Recently, a prospective study found an increased risk among subjects with high dietary nitrate and low vitamin C intake 15 . However, few studies have evaluated the risk of CRC associated with nitrate in drinking water. Existing evidence provided by case-control or cohort studies is inconsistent 5, 16 , particularly for levels below the current regulatory limit (50 mg/L of nitrate as NO 3 - in the European Union, or 10 mg/L as NO 3 -N in the United States) 17 , which is a common scenario in high-income countries.
We evaluated the association between CRC risk and the exposure to nitrate through drinking water and diet, taking into account endogenous nitrosation factors and other covariates.
METHODS

Study design and population
We pooled data from two case-control studies conducted in Spain (the Spanish Multi-case
Control study on Cancer, MCC-Spain) 18 and Italy (part of the European Union Project on Health
Impacts of long-term exposure to Disinfection by-products in Drinking Water, HI-WATE ) 19 , between 2008 and 2013. Study areas comprised eleven provinces (nine from Spain, two from Italy) (see Table 1 ). CRC cases were identified as soon as possible after the diagnosis through active searches including periodical visits to the hospital departments (i.e. oncology, gastroenterology, general surgery, radiotherapy and pathology). Participant hospitals (17 in Spain, 10 in Italy) were the reference centers for oncologic diseases in each study area. Only CRC cases diagnosed within the recruitment period, with histological confirmation (ICD-10 codes: C18, C19, C20, D01.0, D01.2), without previous cancer history, aged 20 to 85 years, living in the hospitals´ catchment areas, and being able to answer an epidemiological questionnaire, were enrolled. Controls were hospital-based (Italy) 20 . The study protocol was approved by the ethics committees of the participating institutions, and all participants signed an informed consent before recruitment.
Individual information and response rates
Study subjects were interviewed face-to-face by trained study personnel. Interviews were conducted in the hospitals (cases and hospital-based controls) and in primary health care facilities or nearby research centers (population-base controls). Questionnaires used are available online 
Nitrate levels in municipal drinking water
We collected data for the municipalities covering 80% of total person-years in each area. We sent a standardized questionnaire to local authorities and water companies to ascertain current and historical nitrate measurements at the distribution system, and water source characteristics (Table 1) .
Nitrate levels in non-municipal drinking water
Data from the most consumed bottled water brands were available from previous reports in Spain 23 and Italy 24 . Nitrate levels in wells and springs outside the municipal water distribution system were measured in September 2013 in the area of León (Spain), where non-municipal well water consumption was the highest among the study areas (28% of controls in the longest residence). A total of 28 water samples were collected in 21 municipalities. The proportion of well water consumption in other areas ranged from 0.3% to 24% in the longest residence (33 years long, on average). These were considered as missing values given the lack of well water data in those areas.
Estimation of long-term nitrate levels in drinking water
We explored heterogeneity of nitrate levels within each municipality, by comparing the levels available for different sampling points, to identify water zones, defined as geographical areas supplied from a homogeneous water source and with similar nitrate levels. Most of the municipalities comprised only one water zone, and some of the municipalities had water zones already defined (e.g. Barcelona and Milan) with different water sources. Long-term nitrate levels were estimated for 349 water zones, in total (Supplementary table 1). We calculated annual average by water zone using available measurements. For years without measurements, we back extrapolated the average of total measurements in the water zone back to 1940, as long as water source remained constant. Nitrate levels in ground water sources are usually higher than in surface sources 25 . Therefore, we used ground water percentage as a weight to calculate nitrate estimates when water source changed, assuming that levels increased proportionally to the percentage of ground water supplied. This assumption was evaluated for each water zone, and was applied uniformly in all municipalities where data was not sufficient to conduct this evaluation. In municipalities without nitrate measurements (covering 0.5% of the total personyears), we assigned the levels of neighboring municipalities supplied with similar surface/ground water proportion ± 10%. We defined a reliability score for each annual estimate, ranging from 0 (lowest reliability) to 2 (highest), that penalized estimates that were imputed, calculated based on few number of measurements, and more distant in time to an actual measurement. We used this score for sensitivity analyses.
Estimation of waterborne nitrate exposure
We linked nitrate levels with residential histories by year and municipality (or water zone)
covering an exposure period from age 18 to 2 years before the interview ("adult life"), among cases and controls. Since more nitrate measurements were available in recent decades, our "main exposure period" covered from 30 to 2 years before the interview. We also evaluated an exposure period from age 18 to 30 years ("early adult life"). We calculated average residential levels (mg/L as NO 3 -) and average waterborne ingested nitrate (mg/day) for each exposure period.
We calculated waterborne ingested nitrate according to amount and type of water consumed. We assigned residential levels when subjects reported tap water consumption. Published levels in bottled water brands were averaged using the sales frequency of each brand as a weight (6.1 mg/L in Spain and 3.8 mg/L in Italy), and were assigned when bottled water consumption was reported. Levels from well water samples in León (range 0.5 to 93 mg/L) were assigned to well water consumers in this area, according to the postal code of wells´ location. The annually assigned levels were averaged and multiplied by the daily water intake (mean± SD= 1.4± 0.8 L/day in cases and 1.3± 0.9 L/day in controls). Water intakes above the 99 th percentile (4L/day), considered non plausible, were treated as missing values in the analyses.
To address the potential misclassification of the water type consumed (municipal/bottled) in recent residences, we calculated an alternative variable of waterborne ingested nitrate. We assumed that subjects reporting bottled water consumption and living during at least 10 years in the current (or previous) residence, consumed municipal water before the year 2000 and bottled water thereafter. This was assumed based on results from a subgroup with information on water type changes within residences (n=174), showing that among 86% of subjects reporting bottled water consumption in the current residence, actually switched from municipal to bottled water after the year 2000. Similar calculations were done for Italy, using the cutoff at 1980 according to Italian data.
Estimation of dietary nutrients and nitrate
Data collected through FFQs were used to estimate the average daily intake of food groups and nutrients (vitamins C, E, D, and energy). Nutrients´ contents were calculated using published food composition databases 26, 27 . Dietary nitrate intake (mg/day) was estimated based on average intake of food items (g/day) and published nitrate content (mg/100g) in food items including vegetables 4 , animal products, and others 28, 29 . Nitrate contents (mg/100g) were calculated for 21 vegetables (including tubers), 13 fruits, 17 foods from animal sources (including red, white, processed meat and dairy products), 3 frequently consumed foodstuff (bread, rice, and pasta), and 1 alcoholic beverage (beer). For these calculations "red meat"
included: beef, lamb and pork meat. "Processed meat" included: bacon, hot dogs, smoked ham, Spanish cured ham and other cured sausages.
Statistical analyses
Subjects with nitrate exposure covering <70% of the last 30 years before the interview, and with unsatisfactory quality interview (n=24) were excluded, leading to 1869 cases and 3530 controls analyzed. Nitrate exposure variables were categorized attempting to have subjects from different areas in all categories and high numbers in the reference. Odds ratios (OR) and 95% confidence intervals (CI) of CRC were calculated using mixed models with "area" as random effect. Basic models were adjusted for sex, age, study area, and education. Potential confounders were explored overall and separately for men and women, including: smoking (never/ever), physical activity (measured in METs Metabolic equivalents of task/hour/week), body mass index (BMI), history of CRC in first degree relatives, NSAIDs use, OC use and HRT (in women), intake of energy, fiber, alcohol, and endogenous nitrosation modulators (intake of vitamin C, vitamin E, red meat, processed meat, and gastric ulcer history). Only variables that changed the risk estimates ≥10% were retained in the adjusted models 11 . In alternative analyses, models were adjusted for THM levels (residential and waterborne ingested) in the main exposure period.
Missing values in categorical covariables were coded as another category. We evaluated the exposure-response relationship between waterborne nitrate exposure and CRC risk using generalized additive models (GAMs).
We stratified analyses of waterborne ingested nitrate by sex, cancer site, endogenous nitrosation modulators, and other potential effect modifiers. Strata of quantitative variables (≤ or > median)
were defined according to the distribution in controls. We compared the models with and without the interaction term using the likelihood ratio test, and p values <0.10 were considered indicative of multiplicative interaction. Stratified analyses by endogenous nitrosation factors were also conducted for men and women separately. We conducted several sensitivity analyses including the use of alternative variables of waterborne ingested nitrate in different exposure windows, and excluding exposure estimates (residential levels) with low reliability score (score value <0.50 N=1,077). STATA version 12.0 (Stata Corp, College Station, TX) was used for all statistical analyses.
RESULTS
Characteristics of the population analyzed are shown in Table 1 . Family history of CRC, high BMI, high intake of energy, alcohol, red meat and processed meat were more frequent among cases (Chi 2 p value <0.05). The amount of water intake was also higher among cases (T-test p value <0.05). Compared to the excluded, the subjects analyzed showed a higher proportion of controls, were younger, with lower physical activity, more frequent use of NSAIDs, and had lower (≤ 5mg/L) or higher (≥ 10 mg/L) residential nitrate levels (Supplemental Material, Table   2 ).
On average (mean± SD), this population had 3.3± 1.6 residences in adult life, and the time living The ORs decreased slightly with additional adjustment for chloroform levels, while slightly increased after adjustment for brominated THMs (see Supplementary table 3) .
Average residential nitrate levels were also associated with increased CRC (see Supplemental
Material Table 4 ), although the ORs were higher than those observed with waterborne ingested nitrate. These variables were moderately correlated, overall (Spearman correlation coefficient 
DISCUSSION
Results of this large case-control study suggest a positive association between CRC risk and long-term exposure to nitrate in drinking water, at levels below 50 mg/L of NO 3 -, particularly in subgroups of the population, such as men and subjects with high red meat intake. The associations slightly differed for colon and rectal cancer. A positive association was found between rectal cancer risk and nitrate intake from animal sources, but an inverse association is suggested with intake from vegetables. This is one of the few studies evaluating CRC risk and nitrate exposure through drinking water.
Our results are comparable to previous case-control studies from the USA, although those studies evaluated residential, but not ingested nitrate, at higher levels than those observed in our study. A 2.9-fold increased risk of proximal colon cancer for NO 3 -N residential levels ≥10 mg/L (44 mg/L of NO 3 -) vs. <0.5 mg/L has been reported 30 . Increased risk of colon cancer was found among subjects with residential NO 3 -N levels >5mg/L for >10 years and low vitamin C intake or high meat intake 16 . Other available studies had ecologic design or ignored endogenous nitrosation factors and individual water consumption data 31, 32 , thus are not totally comparable to our study.
Dietary ingested nitrate levels in this study were similar to those observed in other western countries 33 . Our results are consistent with a cohort study 15 35 . This may partly be attributed to the protective effect of estrogens and other hormonal factors 36 . We found higher associations in groups with high red meat intake. These results were consistent with previous studies that evaluated other cancer types associated with nitrate or nitrite exposure 33, 37 . Although the interaction with red meat was not statistically significant, is plausible, because red meat contains amines, amides, and heme iron which may increase endogenous formation of NOCs 38 . Information on heme iron intake was not available in this study, but should be accounted to evaluate the interaction with red meat in future analysis 39 . In contrast, inverse associations were found in groups of high vitamin E or fiber intake. Vitamin E and C inhibit endogenous nitrosation, and a protective effect is biologically plausible. The combined intake of vitamins C and E showed similar effects to those shown for each vitamin. The protective effect of fiber was also expected, based on previous evidence on fiber intake and CRC risk 40 . Apart from endogenous nitrosation, changes in gastrointestinal microbiota 41 , and genetic variants of CYP2E1 (involved in NOCs´ bio-activation) 14 , may also play a role in carcinogenesis of ingested nitrate and should be explored in future analyses.
Confounding by other water contaminants such as trihalomethanes (THMs) 42 was a concern. In this study, estimates of THMs intake were available, and were evaluated as potential confounders. Associations decreased slightly after adjusting for chloroform, and increased slightly after adjusting for brominated THMs or total THMs, but the differences were not statistically significant. The potential interaction of these frequent water contaminants requires further evaluation, since contradictory effects are suggested for chlorinated vs. brominated
THMs. Other water contaminants showed levels around or below the QL in our study areas 23 , and
are not likely to be relevant confounders in the context of this study.
Although different response rates between study areas and relatively low rates among controls may be a limitation, non-participation is unlikely related to nitrate exposure. Potential exposure measurement error is a limitation, since nitrate measurements in drinking water were only available in recent years. Missing historical levels were estimated based on recent measurements and were assumed to remain stable over time, depending on groundwater percentages. This assumption may introduce measurement error, particularly for long-term periods (e.g. adult life).
Nitrate levels may differ widely between groundwater sources according to the depth of wells, and may change in time according to factors other than water source (e.g. agricultural practices).
Such information was not collected, since the questionnaire was not originally designed to estimate historical nitrate levels, and was not available in official reports. However, we analyzed the municipalities with longest nitrate records: Llíria (Valencia) and Donostia (Gipuzkoa), and no significant changes were found in nitrate levels over 17 years. The levels estimated for a 30 years period would be sufficient to evaluate the association with CRC risk, among this population.
Additionally, we applied several strategies to address the potential exposure measurement error:
we analyzed only the population with exposure information available for ≥70% of the main exposure period (30 to 2 years before the interview). We performed sensitivity analyses excluding less reliable exposure estimates, obtaining similar results to those shown in Table 2 .
We analyzed three different exposure periods, but results for adult life and early adult life are limited because are based on estimates with low reliability. In addition, nitrate estimates from different exposure periods were highly correlated. Studies in other settings, with larger availability of historical environmental data, are needed to increase the current evidence on waterborne nitrate exposure and CRC risk.
Since dietary information was collected with a FFQ, recall bias may not be totally ruled out in the analyses for dietary nitrate. The results for dietary nitrate intake may not be extrapolated for longterm periods, since dietary information corresponded to the last two years previous to recruitment. Estimates of dietary nitrate are prone to measurement error since we used the same nitrate contents in food products, regardless of potential country-specific levels. However, the database used is valid for all European countries, and includes specific Spanish and Italian measurements 4 . Data on relevant vegetable sources of nitrate was not completely available, and data on storage and processing (i.e. washing, peeling and cooking) was not collected, which also may introduce error in calculations of nitrate intake from vegetables. Finally, dietary nitrite intake was not available, but this would not be a major limitation since the main exposure route expected is through endogenous nitrate reduction 8 .
The wide differences on nitrate levels between study areas, and the low variability within areas hampered the statistical analyses. We applied different approaches for all-area combined analyses, including unconditional logistic regression, GAMs, and meta-smoothing analyses 43 (previously used in multicentric studies on air pollution). Mixed models, with area as random effect were finally applied given the heterogeneity of results between study areas. This heterogeneity is a limitation, and is probably related to other environmental or individual factors that were not evaluated in this study. The results of mixed models differed slightly from results of the GAMs, particularly among women. Results among women may be less robust due to the smaller sample size, compared to men. Results of meta-smoothing analyses are not shown, since were equivalent to results of the GAMs.
A main strength of this study was the availability of detailed individual information, allowing the assessment of several potential confounders and effect modifiers, including other frequent water contaminants (THMs) and endogenous nitrosation factors. In addition, the FFQ information enabled us to assess nitrate exposure through different dietary sources. Nitrate measurements in non municipal water (wells) were measured and included in the exposure assessment for the area with the highest consumption of this water type (León). Finally the main results were robust, as were replicated using different approaches for statistical analysis.
CONCLUSIONS
Overall, effects of nitrate exposure differed by exposure source (water, vegetables and animal dietary sources). A positive association is suggested between CRC risk and long-term exposure to nitrate in drinking water at levels below the European regulatory limit, particularly among subjects with other risk factors. Dietary nitrate from animal sources increased rectal cancer risk, but high intake from vegetables seems to decrease it. Further research is required to confirm these findings. b Results of mixed models with "area" as random effect adjusted for: sex, age, education, physical activity, non-steroidal anti-inflammatory drugs use, family history of colorectal cancer, and energy intake. Results of mixed models with "area" as random effect adjusted for sex, age, education, physical activity, non-steroidal anti-inflammatory drugs use, family history of colorectal cancer, body mass index, and intake energy.
c Results are also adjusted for fiber intake.
Figure legends
Figure 1 Average nitrate exposure levels among study areas A) Waterborne intake in the main exposure period (excluding intakes >105.8 mg/day, n=5). B) Dietary intake from vegetable sources (excluding intakes >1000 mg/day, n=2). C) Dietary intake from animal sources (excluding intakes >22 mg/day, n=16)
Figure 2 Exposure-response relationship between average waterborne ingested nitrate (mg/day) during 30 years before recruitment and colorectal cancer risk Generalized additive models (GAMs) adjusted for study area, sex, age, education, physical activity, body mass index, use of non-steroidal anti-inflammatory drugs, family history of colorectal cancer and energy intake. Subjects with ingestion levels >80 mg/day (n=21) were excluded from these analyses.
